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Abstract 
Field test as well as laboratory measurements have shown that the performance of systems that combine heat pumps with combi-
storages is often lower than expected. One reason that has been identified is a large gap between the temperature level provided 
by the heat pump condenser and the useful heat distributed for space heating and/or DHW. Within this work, different options for 
hydraulic integration and control of a heat pump connected to a solar combi-storage are investigated by means of annual system 
simulations. The results show that unfavorable hydraulic integration can lead to additional electric energy demand of the system 
of up to 45% (>1000 kWh electric energy per year) compared to a - well designed - reference solution with the same components. 
Based on the system performance analysis, recommendations are given for the hydraulic integration of heat pumps into systems 
with combi-storages. 
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1. Introduction 
In the building sector, heat pumps and solar thermal systems are used increasingly to provide heat for space 
heating (SH) and for domestic hot water preparation (DHW). Within the on-going IEA SHC Task 44 / HPP Annex 
38 (T44A38), different combinations of solar thermal collectors with heat pumps are analyzed in field installations, 
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in the laboratory, and in simulation studies. Combi-storages are used frequently to store heat for SH & DHW within 
one unit instead of two separate units. Field tests [1] as well as laboratory results [2] have been reported where the 
measured performance of systems that combine heat pumps with combi-storages is significantly lower than 
expected. Some of the data reported leads to the conclusion that a frequent cause for poor performance is a large 
temperature difference between the heat provided by the heat pump and the useful heat delivered into the space heat 
distribution or for DHW [3,4]. In this contribution, the influence of the hydraulic integration and control of a heat 
pump into systems that include a solar combi-storage is studied by means of annual simulations, and the differences 
in the energetic performance are evaluated. These simulations have been inspired by the results of laboratory 
measurements on several solar and heat pump systems at our institute, of which an example that undermines the 
relevance of this study is also presented in another contribution for this conference [5]. 
 
Nomenclature 
K  efficiency, - 
COP coefficient of performance 
DHW domestic hot water 
Fl,set temperature set point for the supply line of the heat distribution system 
HP heat pump 
mix fully mixed reference 
Q Energy, J 
S Entropy, J/K 
SFH single family home (with a space heating demand of 15 kWh/(m2 a), 45 kWh/(m2a), and 100 kWh/(m2a)) 
SH space heat 
sim simulated 
SPF seasonal performance factor 
St storage 
T temperature, °C 
T44A38 IEA SHC Task 44 / HPP Annex 38 
2. Methods 
Fig. 1 shows the simplified hydraulic scheme of the simulated reference system. 
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Fig. 1. Simplified scheme for the system hydraulics of the base case. 
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All simulation results presented were performed with TRNSYS 16 with simulation time steps of 2 minutes, using 
the boundary conditions for climate, space heat load and domestic hot water consumption that have been defined for 
T44A38 [6,7] and are summarized in Table 1. 
Table 1. Boundary conditions for simulations according to T44A38 for the climate of Strasbourg. 
Parameter Unit SFH15 (35/30) 
SFH45 
(35/30) 
SFH100 
(55/45) 
SFH100 
(35/30)b) 
Space heating demand kWh/a 2 500 6 500 14 000 14 000 
DHW demand kWh/a 2 100 2 100 2 100 2 100 
Heating demand at design conditions a) kW 1.8 4.1 7.4 7.4 
Design supply and return temperature of the heating system a) °C 35/30 35/30 55/45 35/30 
a) Design outdoor temperature -10 °C; b) not part of the original boundary conditions of T44A38. 
2.1. The heat pump 
The air source heat pump has been simulated with bi-quadratic curve fits for the COP and the electricity 
consumption. The model was based on the approach described in [8]. Start losses are implemented with start and 
stop time constants. Defrosting losses were subtracted from the heat output of the condenser as a lumped sum when 
the ambient temperature dropped below 5 °C. This subtraction was dependent on the relative humidity of the air. The 
curve-fit parameters of this model were matched to data measured for a commercial air source heat pump of 16 kW 
heating power (@A2W35) that was placed in a climatic chamber at our institute. The thermal output of the heat 
pump was scaled to match the design heat demand of the different building definitions (Table 2), and the electrical 
demand was adjusted by the same factor (simplification). Since smaller heat pumps tend to be less efficient than 
larger heat pumps, the general COP values of the smaller heat pumps might be slightly overestimated by this 
approach. 
Table 2. Heating power and flow rates for the heat pump. 
Parameter Unit SFH15 (35/30) 
SFH45 
(35/30) 
SFH100 
(55/45) 
SFH100 
(35/30) 
Heating power of the heat pump at A2W35 kW 4.7 9.3 11.2 11.2 
Design volume flow rate of the heat pump l/h 940 1 880 2 260 2 260 
 
The temperature sensorTDHW was used for the control of charging the DHW zone of the combi-storage (see Fig. 
1). When TDHW < 47 °C, the heat pump was switched on until TDHW > 52 °C. Space heating was switched on when 
TSH < TFl,set, and switched off when TSH >TFl,set + 10 K. 
2.2. The combi-storage 
The 900 liter solar combi-storage tank has been simulated with a newly developed plug flow model. In contrast to 
standard plug flow models such as TRNYS Type 38, this model accepts up to 10 direct in- and outlets (double-ports) 
at any height of the storage that can be simulated as stratifying or as non-stratifying [9]. The approach for non-
stratifying was implemented as described in [10]. The number of plugs was limited by allowing a maximum 
temperature difference between two adjacent plugs, and by requiring a minimum relative height for a single plug. 
When one of these criteria was not met, plugs with similar temperature were merged. A minimum number of plugs 
was always enforced by plug splitting in order to improve the standby diffusion process simulation. The storage 
parameters that were chosen are shown in Table 3. 
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Table 3. Parameters for the plug flow combi-storage model. 
Parameter Unit Value 
Volume m3 0.9 
Height m 1.75 
Effective vertical thermal diffusivity W/(mK) 1.8 
Heat loss coefficients top/side/bottom W/K 1/3/1 
Relative heights of inlet and outlet for the secondary solar loop - 0.35 / 0.01 
Relative heights of inlet and outlet for the primary DHW loop - 0.1 / 0.98 
Relative heights for the inlet and outlet of the space heating loop - 0.3 / 0.5 
Heights for the heat pump loop see Fig. 2 to Fig. 3 
Minimum and maximum relative heights for single plugs - 0.005 / 0.1 
Minimum temperature difference for adjacent plugs K 0.02 
2.3. The solar collectors 
A solar collector field of 15 m2 was simulated with Type 832v3.08 that was described by [11] and extended to a 
multi-node model in [12]. The efficiency parameters taken from the "standard" flat plate collector of the IEA SHC 
Task 32 (eta0 = 0.8, a1 = 3.5 W/(m2K), a2 = 0.015 W/(m2K2)). 
2.4. System variants 
With the exception of matching the size and volume flow rates of the heat pump to the chosen buildings, the size 
and performance parameters of all components remained identical for all simulations. The only parameters that were 
changed in the different simulations were: 
x The inlet and outlet heights of direct charging double ports from and to the heat pump in DHW and in space heat 
operation of the heat pump. 
x The position of the temperature sensor in the DHW zone of the combi-storage. 
x The mass flow rate of water through the heat pump condenser in DHW charging mode. 
Starting with a base-case for the hydraulic integration and control of the heat pump (Ref. in Fig. 2), different 
variants were defined and simulated as shown in Fig. 2 and Fig. 3. These variants are described in brief in the 
following sections. Each variant was simulated once without DHW priority and once with DHW priority. In the case 
of DHW priority, the space heat distribution pump was turned off when the heat pump was charging the DHW zone 
of the combi-storage. The key figures that were evaluated for the different simulation variants are: 
x The total electricity demand of the heating system, shown as difference to the total electricity demand of a "well 
performing" reference system (both absolute and relative). 
x The seasonal performance factor of the systems. 
2.4.1. Ref (A) – double switch 
The reference hydraulic is equipped with a three-way-valve in the return and in the supply line of the heat pump 
for switching between space heating mode (SH) and DHW-zone charging (DHW). The return to the heat pump is 
taken 9 cm above the space heating zone of the storage. DHW zone and SH zone of the storage do not overlap. The 
temperature sensor TDHW that is used to control DHW charging is well above (> 50 cm) the upper connection that is 
used in the space heating mode. 
2.4.2. B,C – only one supply line from heat pump to storage 
The three way valve in the supply line of the heat pump has been spared in this system. Only the return line can 
be switched. Because the heights for the inlets and outlets have not been changed, the supply line in DHW mode is 
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now connected below the return line. The storage simulation model includes mixing of two adjacent nodes in the 
case of temperature inversion. This is the case for variant B where the inlet has not been simulated as perfectly 
stratifying. No mixing (perfect stratifying inlet) is assumed for variant C. All simulated variants do not include the 
modeling of possible short-cuts between the return inlet and the supply outlet. 
 
TDHW 
TSH 
HP 
SH 
B,C 
52
5 
m
m
 87
5 
m
m
 
96
3 
m
m
 
14
00
 
m
m
 17
50
 m
m
 
TDHW 
Tsol 
TSH 
HP 
SH 
D,E 
52
5 
m
m
 87
5 
m
m
 14
00
 
m
m
 
15
75
 
m
m
 
17
50
 m
m
 
TDHW 
TSH 
HP 
SH 
Ref 
52
5 
m
m
 87
5 
m
m
 
96
3 
m
m
 
14
00
 
m
m
 
15
75
 
m
m
 
17
50
 m
m
 
 
Fig. 2. Hydraulic variants for the integration of the heat pump; Ref: reference; B,C: no supply line switch; D,E: no return line switch. 
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Fig. 3. Hydraulic variants for the integration of the heat pump; F,G: no return line switch and DHW sensor lower; H,I: no return line switch and 
DHW sensor much lower, J: double switch, but return to HP in DHW mode at the same storage height as supply line in SH mode; K: like J, but 
DHW sensor lower; L: like J, but DHW sensor much lower. 
2.4.3. D,E – only one return from the storage to the heat pump 
The three-way-valve in the return of the heat pump has been spared. In DHW mode, the heat pump is taking the 
fluid from the storage from the same height as in SH mode. Thus, there is an overlap of 35 cm (180 litre) of the 
DHW zone with the SH zone. In variant E, the volume flow rate in DHW mode was reduced to one third of the 
design volume flow rate to achieve a larger temperature lift and thus a faster reaching of the set (off) temperature 
and to avoid an entire turnover of the DHW zone in the DHW charging mode. 
2.4.4. F,G – only one return and DHW sensor lower 
Variants F&G are similar to variants D&E, but the position of the DHW senor is lower than in D&E, such that the 
sensor is now only 9 cm above the space heating zone. In simulation G, the DHW charging was done once again 
with one third of the design mass flow rate of the heat pump. 
2.4.5. H,I – only one return and DHW sensor much lower 
Variants H&I are similar to variants F&G, but the position of the DHW-sensor is even lower, reducing the distance 
to the space heating zone to 2.5 cm. For I, the DHW charging was done once again with one third of the design mass 
flow rate of the heat pump. 
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2.4.6. J,K,I – double switch with 3 storage connections 
In this case the double switch of supply and return is realized with two three-way-valves similar to reference, but 
the return line in DHW charging is connected at the same height of the storage as the flow line in space heat 
charging. Thus, the two lines can be combined and realized as one storage connection (i.e. one storage connection 
can be spared). In variant K the sensor was for DHW charging was placed lower (9 cm distance to SH zone) and in I 
much lower (2.5 cm distance to SH zone). 
2.4.7. Influence of storage stratification 
In order to study the influence of storage stratification on the overall performance, the effective vertical thermal 
diffusivity parameter of the storage tank model was increased successively until the simulated storage was close to 
an always fully mixed storage. The results were analyzed with the method described in [13] with the adaption of 
Logie et al. [14] that computes the fully mixed storage tank reference with equal charging and discharging power 
and mass flows rather than with equal inlet temperatures and mass flows: 
,
,
1 St simstrat
St mix
S
S
K '  '    (1) 
3. Results 
3.1. Influence of hydraulics and control 
The influence of hydraulic concepts and control was evaluated in terms of the electric energy demand for the 
whole system (compressor and fan of the heat pump, pumps, controllers, etc.) over one simulated year. The lowest 
electricity demand was achieved by the reference system (Ref) without DHW priority (see variant Ref (A) – double 
switch) and for variant C (Fig. 2). Fig. 4 and Fig. 5 show the additional electric demand of different variants 
compared to the reference in % (left axis) and in absolute values (right axis) for different heating demands (SFH15, 
SFH45 and SFH100) with and without DHW priority setting of the heat pump controller. 
 
  
Fig. 4. Additional electricity demand compared with the reference for SFH15 (left) and SFH45 (right), each with a low temperature space heat 
distribution system of 35/30 °C for supply and return. 
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Fig. 5. Additional electricity demand compared with the reference for SFH100 with a high temperature space heat distribution system of 
55/45 °C (left) and with a low temperature space heat distribution system of 35/30 °C (right). 
3.2. Influence of storage stratification 
Fig. 6 shows clearly that the influence of bad stratification (Kstrat << 50%) on the electricity demand of the system 
is quite similar to the influence of bad hydraulics and control. In the figure shown, a stratification efficiency of 
100% corresponds to an ideal (i.e. isentropic) storage process, whereas a stratification efficiency of 0% corresponds 
to an always fully mixed storage vessel. Naturally, real storage processes are expected to lie between these values. 
 
 
Fig. 6. Additional electricity demand compared with the reference versus stratification efficiency. 
4. Discussion 
The additional electricity demand compared with the reference can be interpreted as additional cost for energy 
purchase during the operational phase of the system. Depending on the variant for hydraulics and control, these 
additional cost compared with the reference amount to 45 % (SFH45), or 1700 kWhel/a (SFH100 35/30). Shown in 
percentage points, the additional cost for unfavorable variants of SFH100 with high temperatures (55/45) for the 
heat distribution system are relatively low - it does not make much difference whether the heat pump operates in 
DHW mode or in space heating mode if the condensation temperatures are similar for both cases. However, in 
absolute terms also here the additional cost may be as high as 330 kWhel/a and are not to be neglected. 
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In most simulation variants a DHW priority control achieves better results. This can be explained by the fact that, 
if there is no DHW-priority control, heat is withdrawn from the storage for space heating while the heat pump is 
charging it in DHW mode. Thus, the return to the heat pump remains cold for a longer time-period, the supply of the 
heat pump does not reach the off-temperature for a longer time, and the duration of DHW mode charging thus 
increases, i.e. the heat pump is delivering more heat with unfavorable high supply temperatures. 
The correlation of low seasonal performance factors with the amount of heat that the heat pump delivers in DHW 
mode is shown clearly in Fig. 7. 
For a system with good integration and control of the heat pump the ratio of QHP,DHW/QDHW is 30%-40%. Such a 
low percentage is the result of solar coverage over a large part of the year on the one hand, and DHW pre-heating 
from 10 °C to 35 °C in the lower part of storage on the other hand. Thus, the heat pump only needs to provide the 
missing heat from 35 °C to 55 °C in DHW mode, and this only during part of the year. However, for systems with 
bad hydraulic integration and control, in particular for systems where the DHW sensor is too much influenced by the 
space heat operation of the storage, QHP,DHW may increase by a factor of 10, with the corresponding negative effects 
on the seasonal performance factor of the system. 
 
Fig. 7. Seasonal performance factor of SFH15, SFH45 & SFH100 (35/30) of the different variants A-L, versus amount 
of heat that the heat pump delivers in DHW-mode (QHP,DHW, with constant DHW demand QDHW = 2100 kWh/a). 
 
4.1. Variants with only one three-way-valve 
Omitting the three way valve in the supply line of the heat pump resulted – as expected – in no disadvantage 
compared to the reference if a perfect stratifying inlet was assumed (variant C). Without this assumption (inversed 
plug mixing), the additional cost were in the range of 1% only (variant B). Omitting the three-way valve in the 
return line of the heat pump affects the performance quite more with additional cost of 7% (SFH15) and up to 
260 kWhel/a (SFH100 35/30). A reduction of the volume flow rate for the heat pump condenser in order to faster 
reach the off-temperature for TDHW did not reduce the additional cost, but rather increase it (variant E). A reason for 
this may be found in general higher supply temperatures of the heat pump for lower volume flow rates at fixed inlet 
temperatures. A possible reduction of the overall heat transfer coefficient of the condenser heat exchanger was not 
included in the model and could further decrease the performance of this variant. 
4.2. DHW temperature sensor 
Apparently, the position of the DHW sensor in the storage influences the performance even more dramatically 
than the sparing of three way valves. The additional cost of variants with low positions of this sensor (F-I, K & L) 
are strikingly high. A DHW priority setting is an advantage also here, but does not solve the problem. Even a 
distance of 9 cm (F, G & K) from this sensor to the space heating zone is not enough to prevent that space heat 
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operation influences the temperature at the position of the DHW sensor, and leads to increased frequencies of DHW 
zone charging. 
 
 
Fig. 8. Dependency of heat pump starts per year on the distance between the DHW sensor 
and the space heating zone of the storage based on simulations with SFH45. 
 
Fig. 8 shows the dependency of heat pump starts per year on the distance of the DHW sensor from the space 
heating zone of the storage. In these simulations, a distance > 20 cm was enough to keep the number of heat pump 
starts for DHW charging at a low level of < 350 starts per year. 
5. Comparison with measured data and limits of the simulation results 
The presented simulation results correspond well with results from whole system testing that are presented by 
Haberl et al. [5] at this conference, showing that the amount of heat the heat pump delivers for DHW may on some 
days of the test-sequence be as high as 200% of the amount of DHW heat that the storage delivers on the same day. 
However, the simulation results presented here are to be interpreted with care. In particular, the following limits of 
the modeling approaches have to be kept in mind: 
x Turbulences caused by the inflowing fluid streams (so called inlet jet mixing) and their negative impact on 
stratification were not included in the storage tank model that was used. Therefore, the minimum distance of 
20 cm between the space heating zone and the DHW sensor of the storage may be underestimating the real 
distance needed when these turbulences are accounted for. 
x The storage model that was used did not simulate possible shortcuts of fluid flows from inlets to outlets that may 
occur in reality if a hotter inlet is placed underneath a colder outlet (variants B & C). 
6. Conclusions and recommendations 
This contribution shows - based on simulations for a single family home with combi-storage, heat pump, and 
solar thermal system - that the electric energy demand of unfavorable hydraulic and/or control solutions can be 
about 50% higher than for a good solution with the same main components. The same is true for a badly stratifying 
storage. With current electricity prices (0.15..0.20 €/kWh for households in central Europe)  this corresponds to 
additional operational costs for electricity of 120..360 €/a. 
Based on these findings that are also backed up with whole system test results as presented by Haberl et al. [5] 
and TRNSYS simulations presented by Poppi & Bales [15], as well as results from simulations with the software 
Polysun that were reported by Zimmermann [16], two recommendations for the integration of heat pumps into 
systems with solar combi-storages can be given: 
1. The position of the DHW sensor for boiler charging control must be placed at a safe distance from the space 
heating zone of the storage. This distance depends on the stratification efficiency of the storage and on the 
mass flows used for storage charging and discharging. It is thus system-specific. As a first approximation, a 
distance of 20 cm may be seen as the absolute minimum for typical geometries of combistores with about 900 
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liters water volume. The storage stratification efficiency has to be tested with the volume flow rates that 
correspond to the volume flow rates that are later encountered in the field. Insufficient stratification may lead 
to a fast decrease in temperature at the position of the DHW sensor during space heat operation of the storage 
and/or the heat pump, and thus to excessive DHW charging by the heat pump. 
2. The return from the storage to the heat pump in DHW mode must be placed above the space heating zone of 
the storage. 
The possibility to bypass the storage as much as possible when the heat pump is operating in space heating mode 
has not been simulated in this contribution. For modulating heat pumps, in particular in combination with space heat 
distribution systems that can guarantee a minimum flow, this mode of operation should be considered. In this case, 
the storage is only used in space heating mode when there is either heat from the solar thermal system that can be 
used or when the heat pump needs to increase its running time (closing thermostatic valves). 
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